some systems can be achieved by suitable radiation treatment. This can include sterilization of drugs and medical supplies, where complex structures such as bacteria are particularly sensitive to radiation darnage and hence inactivationl. It can also be used to remove an undesirable component from, say, flue gases to prevent pollution of the atmosphere. In such a case, very high specificity of reaction will perhaps not be essential, provided that the totality of chemical change brought about by this method includes a sufficiently high proportion of the contaminant.
Finally, the mechanisms of reactions occurring under the influence of ionizing radiation are themselves of the greatest of importance. Apart from their considerable academic interest, they are most relevant to industrial and genetic processes.
Following these general remarks on radiation chemistry and its applications, I propose to discuss now its role in silicon chemistry and will devote the first part of this discussion to synthetic applications, and the second to reaction mechanisms. This is, of course, an arbitrary division, as many studies deal with both these aspects, but is serves nevertheless as a convenient break-down of the subject.
I should emphasize at this point that my treatment of the subject will be selective rather than comprehensive, and that I will confine my remarks to high energy radiations, thus excluding changes brought about by electromagnetic radiation originating in the visible or ultraviolet part ofthe spectrum.
SYNTHETIC APPLICATIONS OF RADIATION CHEMISTRY TO
SILICON COMPOUNDS As early as 1925 Stock et al.3 achieved the conversion of tetrachlorosilane to hexachlorodisilane by means of a zinc arc discharge.
SiCl4 ~ Si2Cl6 + ZnCl2
In 1956 Kautsky and Kautsky4 extended this synthesis by subjecting a mixture of finely divided silicon and liquid tetrachlorosilane to a spark discharge employing submerged copper electrodes and a potential difference of 5 kV. The use of copper electrodes is interesting in view ofthe discovery by Rochow5 that copper-silicon alloys are particularly favourable for the direct synthesis of organic chlorosilanes, an observation which proved to be one of the major Iandmarks in organosilicon chemistry, and several papers devoted to this subject have been presented at this Symposium. Kautsky and Kautsky4 separated chlorosilanes ofthe general formula, SinChn+ 2 ; the highest member which they obtained in an analytically pure state being the hexasilane, SisCh4· Thermal decomposition prevented the separation of higher boiling components, disproportionation to lower chlorosilanes and silicon monochloride, (SiCl)n, occurring.
SiC14 + Si Copper electrodes ___,.. SinC12n 2 (n = 2 -6) spark d1scharge
+
The authors produced evidence for the local occurrence of very high temperatures leading to the partial melting and even evaporation of silicon. If the tetrachlorosilane was replaced by chlorinated hydrocarbons such as methylene chloride or carbon tetrachloride, gaseous or liquid chlorosilanes, e.g. di-, SiH2Cl2, and tri-chlorosilanes, SiHCb, were obtained. No evidence for the formation of silicon-carbon bondswas produced, perhaps not surprising in view of the high temperatures involved.
An interesting study by Pflugmacherand Dahmen6 showed that a chemical reaction occurred between nitrogen and tetracblorosilane wben tbe gaseaus mixture was subjected to a glow discbarge between plantinum electrodes. Tristrichlorosilylamine, N (SiC1 3 )3, was isolated as the major low molecular weight product. It exists in two crystalline forms, m.p. 44-48° and m.p. 78°, the former being metastable and converts on prolonged standing to the latter. In addition, products ofthe generic formula, (Si2NCl5)n, were obtained, and from this an individual member where n was presumed to have been 4 was isolated. This was thought to contain the eight-membered ring structure, wbich bad also been obtained by tbe controlled ammonolysis of tetrachlorosilane7. Professor Wannagat has, bowever, mentioned in bis lecture at tbis Symposium tbat the product from the electrical discbarge syntbesis is really the dimer (Si2NCl5) 2, one of the growing number of compounds containing a four-membered ring with alternating silicon-nitrogen atoms. A compound of composition N2Si5Ch4, to which the structure [(SiCl3)2N]2 SiCl2 was assigned was also isolated. The tristrichlorosilylamine was shown to decompose on heating into tetrachlorosilane, elementary silicon, as weil as viscous and oily materials containing nitrogen, silicon, and chlorine.
Akerlof8 examined the effect of a 14·5 kV electrodeless discharge on mixtures of methane and tetrachlorosilane. When a 5 : 1 mixture of methane and tetrachlorosilane was passed through the discharge space main tained a t 70°C using a flow rate of 300 mlfmin products were collected at the rate of 16 g.fh. These included methyltrichlorosilane, dimethyldicblorosilane, and trimethylchlorosilane, as weil as higher boiling, not rigidly characterized, materials.
Electrodeless ----+ MeSiCla + Me 2 SiC1 2 + MeaSiCl + Higher discharge 14·5kV boiling material Andreev studied the effects of a silent electrical discharge of 24·5 kV on methyltrichlorosilane9 and dimethyldichlorosilanelo. The vapours of these compounds, entrained in a stream of hydrogen were passed through the discharge space of an apparatus of the ozonizer type, and from the complex reaction products a number of individual components were reported to have been isolated. These included from the latter starting material a number of compounds containing two or three silicon atoms, such as 2-methyl-2,4,4-trichloro-2,4-disilapentane, as weil as mixtures containing 5-methyl-2,2,5, 7, 7-pentachloro-and 7 -methyl-2,2,5,5, 7 -pentachloro-2,5, 7-trisilaoctanes. Similar types ofproducts were obtained from methyltrichlorosilane.
The same authorll also obtained similar types of products, under comparable reaction conditions, from mixtures of tetrachlorosilane and cyclohexane or benzene. He observed no silicon-hydrogen bonds in his products. Dalin1 2 has stated in a patent that tetrachlorosilane combines with hydrocar bons such as benzene or methane und er the influence of an electrical discharge, or of rx-or ß-particles to give chlorosilanes such as dichlorodiphenylsilane, Ph2SiCh, or methyltrichlorosilane, MeSiC1 3 . Another patent13 records that silicon combines under the influence of an electric arc with a mixture of hydrogen and methane to give silicon hydrides such as dimethylsilane, Me2SiH2.
Andreev and Kukharskaya have also investigated by similar techniques ethyltrimethylsilane14, diethyldimethylsilane14, as weil as hexamethyldisiloxane15. A variety of lower molecular weight products were reported to have been isolated from the former by means of fractional distillation, and were assigned structures. In addition, a high er boiling oil of mean molecular weight near 1700 was reported as a still residue.
Golesworthy and Shaw16 have investigated in considerable detail the action of a silent electrical discharge on hexamethyldisiloxane. An apparatus based on the ozonizer principle was designed and constructed 1 7 (Figures 1  and 2 ). It operates at 50 cjs and is capable ofhandling up to 600 g. ofstarting materials. Gonversion factors up to 94 per cent were achieved using running times of the order of days, bath temperature between 20-40°C and high tension voltages between 11·0 to 14·5 kV. The effect of the product gas pressure, mainly hydrogen and methane, on the rate of reaction was also studied and an optimum pressure rangewas observed16, 17. Ten individual compounds in the molecular weight range 176 to 368 were isolated. These represented all stable products in this range formed in yields of 0·1 per cent or greater. These will be listed and discussed in the Mechanistic Section of this paper.
In addition to the above, higher molecular weight materials were found which, depending on the reaction conditions, were either liquids, soluble in the usual organic solvents (but insoluble in water), or insoluble resinous solids. Higher product gas pressures in the reaction system tended to produce relatively large quantities of these resinous solids, which obvioulsy contain a certain degree of cross-linking. In spite of their insolubility, these solid products could be shaped under the infl.uence ofheat and pressure, implying that the cross-links could be either relatively easily broken andfor their number was not very large. The soluble oils were fractionated by means of the usual polymer techniques and fractions of mean molecular weights up to 10,000 were isolatedl8. The same authors16 studied also the behaviour of tetramethylsilane under the influence of an electrical discharge using the same apparatus, and found that for similar or higher expenditures of energy, lower conversions were obtained. Apart from lower yields of resinous solids, the results were broadly speaking, the same as for hexamethyldisiloxane, although investigations of the more volatile products showed these to have a lesser complexity. Seven individual compounds in the molecular weight range 102 to 174 were isolated and characterized. The simpler structure of this starting material was thus reflected in its products, which showed a far smaller number of structural types ( cf. Mechanistic Section).
Two patents by Kantorl9, and Kantor and Osthoff20, respectively report the effect of benzoyl peroxide 2 0 on the one band, and of high energy electrons19 on the other on octamethylcyclotetrasiloxane, (Me2Si0)4. The chemical reagent linked two of the cyclic systemsvia an ethylene grouping, whilst the radiation process did the samevia a methylene group or by a direct silicon-silicon link. The characterization of the former product, i.e. the one containing an ethylene link was somewhat more satisfactory than that ofthe latter two. The resultant materials when admixed with a large excess of the starting material, octamethylcyclotetrasiloxane, provided a useful degree of cross-linking when subsequently copolymerised. The elastemers so formed were claimed tobe useful in the preparation ofpotting gels for the electrical industry. Charlesby 21 has also reported an industrially useful process in in the radiation vulcanization of silicone rubber. More orthodox methods require the use of fillers and chemical vulcanizing agents for the same process.
Summing up so far, we can draw the following conclusion. Whilst often moderate to excellent conversions of starting materials can be obtained, frequently a very large variety of individual products are produced. I t is, of course, entirely feasible that these mixtures, formed by radiation cracking and reformation processes, will find technological applications, but their complexity necessitates that the yields of individual components are correspondingly rather low. Exceptions are provided by simple systems such as tetrachlorosilane on its own, or when admixed with a relatively simple second component such as elementary silicon, or nitrogen. In the latter case, some products similar to those described in the ammonolysis of tetrachlorosilane may be obtained, but the control of the reaction conditions by the ammonolytic method proved very difficult, and for such products the electrical discharge method leading to chlorinated silicon-nitrogen compounds may be preferable. Other possible exceptions are radiation induced solid state polymerizations, where the constraint imposed on the systems may direct the reaction along one desired path.
So far, wehavedealt predominantly with systems containing reaction components essentially inert to each other in the absence of radiation. Studies have, however, also been devoted to systems where high energy radiation acts as an alternative initiator to those more conventionally employed. Examples of this are the addition reactions which silicon hydrides undergo with unsaturated compounds such as alkenes and alkynes. These usually occur not only under the influence of heat, or free-radical catalysts, but also by ionic mechanisms in the presence of suitable catalysts. Most radiation studies in this field have employed the use of ultraviolet light. In this lecture, I am confining my remarks to methods using radiation of considerably higher energy. These have been relatively neglected as far as silicon hydrides are concerned.
Eaborn and Niederprüm 2 2 exposed mixtures of vinylsilanes, and substituted silicon hydrides to y-radiation, and obtained the expected addition products in a number of cases. The general equation for this reaction is:
Some typical reaction pairs where the expected products were obtained included PhaSiH/PhaSiCH =CH2, Ph2MeSiHjPhaSiCH=CH2, PhzSiH2/ PhaSiCH =CH2, and Ph2SiH2/ (p-Me · C6H4)aSiCH =CH2.
The authors made the following points:
(a) The addition of arylsilicon hydrides to arylvinylsilanes under the infiuence of y-radiation represents a practical process capable of further development. Whilst their yields were frequently low, so was strength of their 60Co source (100 c), and with the fairly ready availability of stronger sources ( 1-3 kc) higher yields in shorter times should be attainable. (b) The yield of product increased with increasing duration of the irradiation time and thus was not attributable tothermal processes during the isolation procedure. (c) Sameliquid phase, at leastlocally, had tobe present. This was a necessary, but not sufficient condition, and no addition took place in the systems EtaSiH/PhaSiCH =CH2, and PhMe2SiH/PhaSiCH=CH2. ( d) Camparisan with results obtained from the addition reaction using benzoyl peroxide as catalyst, showed that this method gave higher yields but also greater amounts of contaminants. Thus, catalysis by stronger radiation sources might eventually become the most efficient process.
By combining both the hydride and the vinyl functions in the same monomer, such as diphenylvinylsilane, PhzHSiCH=CH2, or methylphenylvinylsilane, MePhHSiCH=CHz, the corresponding polyrners (Ph 2 SiCH 2 CH 2 )n and (MePhSiCHzCH2)n were obtained. The latter product was presumably free from branched-chains, but otherwise similar to the polymer obtained by Curry 2 3 from the samemonomer in the presence of a platinum catalyst. Other workers 2 4 studied the behaviour of a variety of allylsilanes under ß-or y-irradiation, as weil as under the infiuence of heat, or platinized charcoal catalysts, and obtained polymeric products. The properties of these polymers were reported to resemble each other closely irrespective of the method used to produce them. Copolymers with styrene and acrylonitrile were also mentioned.
In a similar study El-Abbady and Anderson25 exposed mixtures of trichlorosilane, HSiCls, or methyldichlorosilane, MeHSiCl2, and alkenes to y-rays arising from a 3·0 kc 60Co source at room temperature for periods of 20-110 hr. With this stronger radiation source good to excellent conversions of the monomers were achieved. For a number of alkenes, e.g. octene-1, isobutylene, cyclohexene, and 3,3,4,4,4-pentafluoro-1-butene, themonomeric addition product leading to terminal substitution, predominated. However, with allyl chloride, allyl acetate, and cis-1,2-dichloroethylene a second reaction leading to higher boiling, telomeric products became competitive. With styrene and (X-methylstyrene only higher boiling products were obtained. Some 1,2-disubstituted alkenes, such as ethyl cinnamate, indene, and trans-stilbene seemed to be remarkably inert to trichlorosilane under these conditions. The mechanisms postulated for these reactions will be discussed in a later section ofthis paper. Herewe will only mention that trichlorosilane proved to be rather more reactive than methyldichlorosilane towards alkenes under the experimental conditions studied.
The addition of silicon hydrides to unsaturated compounds, such as alkenes, could thus be regarded as a preparatively useful method. The scope of this reaction will depend largely on the relative susceptibilities to cleavage under the influence of high energy radiation of the silicon-hydrogen bond, and the other types of bonds present in the reaction systems. If the relative susceptibilities are so favourable as to lead exclusively, or at least preponderently to silicon-hydrogen bond cleavage, (but compare mass spectrometric results quoted in Mechanistic Section) good yields of the desired products may be obtained. Even here, we have seen, the formation ofhigher boiling products may occur, and good conversions of monemers need not correspond to good yields of a specific product. This complication may, however, be due as much to the nature ofthe alkene as to the reaction method. A point in favour of the radiation method is that, as several authors have noted, products are obtained, which appeared to be purer and less discoloured than those prepared by more conventional means.
MECHANISTIC STUDIES OF THE EFFECTS OF RADIATION ON SILICON COMPOUNDS
The mechanisms ofthe interactions of radiation with gaseous, liquid, and solid materials have been discussed in some detail in a number of excellent books and reviews26-39, and hence, it would be inappropriate to repeat it here in any detail. It should suffice to say that radiation chemical primary events do not, in general, occur at random in the system, as is usually the case in thermal reactions, but occur in the vicinity of the particle tracks. Usually, this means that molecules close to the particle trackswill be ionized, whilst others further away, may just be raised to excited molecular states. Whilst initially most results in radiation chemistry were interpreted on the basis that ions are the reactive species, later workers have considered also the possibility of free-radicals being the active entities. There has been a tendency by some authors to use exclusively free-radical mechanisms to explain their results. Much recent work, has, however, shown that this is not wholly justified, and that one must consider the possibility that the reactive species present in a system exposed to radiation may include ions (usually positively charged, although others may be negatively charged due to a process of electron capture), solvated electrons, excited, as well as superexcited molecules (i.e. molecules which possess more energy than the ionization potential, but which are suffi.ciently complex to stabilize this excess of energy for a limited period of time before ionization or some other breakdown occurs), atoms, and free-radicals. A potentially very complex situation is further complicated by the fact that the primary active species are not necessarily the ones responsible for the final chemical change produced. Thus, a variety of secondary reactions of the primary species may occur, such as neutralization of ions, disruption of excited molecules, energy transfers between like and unlike molecules, hydrogen atom abstractions, etc. This makes it frequently difficult, if not impossible, to know the sequence of reactive species leading from the primary event to the eventual product, unless the system is a rather simple one, and the reaction conditions rigorously defined and controlled.
We shall see from the following discussion that many chemical reactions involving silicon compounds, which occur under the influence of ionizing radiation, have been interpreted as being free-radical in nature, but that increasingly detailed and accurate studies in recent years, in particular those dealing with the commercially so important siloxanes, have drawn attention to the fact that quantitatively, and sometirhes even qualitatively, the resultant changes observed could not entirely be represented in all cases on the basis of free-radical mechanisms.
To commence our discussion of the radiation reaction mechanisms in silicon chemistry, we will consider the simplest, or at least what appear to be the simplest systems. Not unreasonably, these are the addition reactions which silicon hydridesundergo with unsaturated compounds such as alkenes, and we noted earlier that these reaction systems produced the highest yields of definite reaction products. Most workers in this particular field of radiation chemistry consider that free-radical mechanisms account satisfactorily for their findings. Thus, El-Abbady and Anderson 2 5 put forward the following reaction sequences to account for their products:
I "" "" I I "" "" For the simple alkenes the reactions described by Equations (2) and (3) seem to dominate the product pattern, whilst for allyl acetate and similar monomers, competition from such processes as described by Equations ( 4) and (5) begins to become important. This accounts for the isolation of telomeric products such as H(AcOCH2CHCH 2 )2SiCla, as well as of the simple addition product, AcOCH2CH2CH2SiCla. With very reactive alkenes, such as styrene, the latter type of reaction controls entirely the type of product formed, which was obtained as a viscous, glassy material and obviously of oligomeric or polymeric character. The silicon hydrides appear to have acted in this case merely as a means of initiating the free-radical polymerization of styrene, being incorporated in the process as end-groups in the polymer.
No evidence of cleavage ofbonds other than silicon-hydrogen in the silane or of subsequent attack on the stable addition product was reported in any of these studies. In view of the observations involving siloxanes (see later) a detailed examination of the products from the silicon-hydride reactions by the most sensitive modern techniques, such as gas-liquid or thin-layer chromatography may be revealing. As the ease with which the siliconhydrogen bond participates in this reaction varies greatly-some being apparently entirely, or almost entirely inert under these conditions-a correlation of the ease of fission with structural environment may be rewarding. Our own preliminary observations40 on the mass-spectrometric fragmentation pattern of some related compounds containing the silicon-hydrogen link may be mentioned at this point. Thus the ratio of the ion intensities (M-15+/(M-1)+ [M+ = molecular ion, (M-1)+ = molecular ion which has lost a hydrogen atom from a silicon-hydrogen bond (no ions of the type (M-1) + being observed from the corresponding fully methylated compounds), and (M-15+ = molecular ion which has lost a methyl group] was for the compounds MeaSiSiMe2H, MeaSiCH2SiMe2H, and Me3SiCH2CH2-SiMe2H, 80: 1, 30: 1, and 1 : 1 respectively. If allowance is made that the ratio of Si-Me to Si-H bonds is 5:1, one can naively say that the relative ease of cleavage, under the experimental conditions of Si-Me to Si-H bonds in the three compounds under consideration is 16:1, and 6:1, 1:5 respectively.
A study by Zacket al.4 1 compared the G values (number ofspecific bonds formed or cleaved per 100 e.v. of energy absorbed by the system) of hexamethyldisiloxane, Me3SiOSiMe3, and tetramethyldisiloxane, HMe2SiOSi Me2H. By assuming that the specific G values for bond cleavage were the same for the carbon-hydrogen bonds in both molecules they were able to show that und er the influence of y-rays from a ßOCo source the silicon-hydro-gen bond cleaved about thirty times more readily than either the siliconcarbon or carbon-hydrogen bonds. In view of our observations, admittedly under somewhat different circumstances, caution should be exercised in assuming that similar ratios of cleavage necessarily hold for structurally different silicon hydrides. A further example of the complexities involving the reactions of silicon hydrides is provided by the sturlies of Dewhurst and Cooper42. They employed a pulsed, current discharge in their study of the reaction between nitrogen and silane direct SiH4, or the methylsilanes, MeSiHa, Me2SiH2, MeaSiH, and Me4Si. With silane the only volatile product was hydrogen, but for the methylsilanes, in addition, increasing amounts of ammonia and hydrogen cyanide were observed. From this the authors deduced that in the formation of ammonia the hydrogen atoms in this compound are derived from those attached to carbon rather than from those bonded to silicon.
Whilst the reactions of the silicon hydrides appear to be the simplest to interpret, most of the systematic studies on the nature of the products, and on the reaction mechanisms leading to them, has been clone on the industrially important siloxanes. Thus, the cyclic heptamer, (Me2SiO) 7, is attacked by active nitrogen, obtained from a discharge, to give traces of cyclic tetramer, (Me2Si0)4, pentamer, (Me2Si0)5, and hexamer, (Me2SiO)s, as well as the open-chain hexamer, MeaSiO(Me2Si0)4SiMe 3 .43 The compounds were identified solely by means of gas liquid chromatography. Other, non-silicon containing products were ammonia and hydrogen cyanide, these two apparently being common to reactions employing active nitrogen. The author considered that, following the loss of one or more hydrogen atoms or of a methyl group, the residual radical might rearrange. The organosilicon heptamer was shown tobe about ten times as resistant to active nitrogenas n-hexadecane under similar conditions.
In the earlier mentioned studies of Kantor and Osthoff20 it was shown that octamethylcyclotetrasiloxane units combine, in the presence of benzoyl peroxide, to give a disilethane structure. The carbon-hydrogen bond is susceptible to this type of homolysis, whilst under similar conditions the silicon-carbon and silicon-oxygen bonds are stable44. More complex and somewhat less weil characterised products were obtained under the infl.uence of high energy electrons. Kantor 19 suggested that the two eight-membered ring residues might be linked via a methylene bridge or directly by means of a silicon-silicon bond. Warrick45 believes that the disilethane and disilmethane structures are formedunder y-irradiation. As will be shown later, a number of authors, ourselves included, have observed all three types of linkages in the products obtained from hexamethyldisiloxane under the infl.uence of radiation.
A numbet of studies have been devoted to the effects of radiation on siloxane polymers. This dass of compounds is, in general, more radiation resistant than many organic polymers, andin particular phenylsiloxanes are less affected by radiation treatment than methylsiloxanes. Here again, some authors find that explanations based on free radical mechanisms suffice to explain the observed changes, whilst others feel it necessary to invoke additional molecular andfor ionic reactions to account for the totality of chemical change observed.
Charlesby 2 1 observed that on irradiation of various methylsiloxanes by neutrons and/or y-rays, hydrogen, metharre and ethane were the major gaseous reaction products. This is in line with the findings of other authors, and the former two gases preponderate in all studies so far published. These product gases are likely tobe sources of other active species, which can interact with the silicon compounds. A study by Wiener and Burton46 on the decomposition of metharre or methane-deuteromethane mixtures in an electrical discharge, has shown that methylene radicals were present in concentrations far greater than that of any other radical species such as methyl. Hence, the possibility of carbene insertion reactions must be considered, and a number of authors have reported the formation of Si-Et groups in systems containing originally only Si-Me groups.
Charlesby' 1 postulated the presence of disilethane, )si-CH 2 -CH"-Si< and disilmethane, )si-CH,--Si< cross-links, used free-radical rnechanisms to explain his findings, and noted little evidence for main-chain scission. He also observed that the degree of cross-linking was proportional to the radiation dose, and that when on the average, one cross-link per chain bad taken place, gelling occurred.
Miller47 examined the effect of electron irradiation on similar polymers in the glass state at -180° and in the liquid state from -40° to + 150°C. He reported the G( cross-linking) value to be 3·0. In addition to the types of cross-links observed by Charlesby, he also noted silicon-silicon cross-links in the liquid, but not in the glass state. Miller found it necessary to postulate molecular as wellasfree-radical processes to account for his findings at -180°. Miller 4 8 studied also the effect of the presence of oxygen during the irradiation ofthe same polymer. The G value dropped from 3·0 to a limiting value of 1·0. He was able to show that the cross-linking under these conditions was, at least predominantly, not ofthe peroxide type. By contrast, in some organic polymers such as polyethylene49, cross-linking could be entirely, or almost entirely, inhibited by sufficient concentrations of oxygen. Miller48 also studied the abilities of various reagents to inhibit cross-linking. Free-radical inhibitors were very inefficient, whilst reactive hydrogen transfer reagents such as mercaptans were particularly effective.
We can thus see that some discrepancies exist amongst the observations reported for the polymeric siloxane systems. To what an extent these are due to different reaction conditions, or to different methods of assessing the changes which were observed, only further work can show.
The irradiation of solid hexamethylcyclotrisiloxane, (MezSiO)s, has also led to somewhat conflicting interpretations regarding the reaction mechanisms involved50, 51.
The most detailed work of all has, however, been carried out with hexamethyldisiloxane, Me3SiOSiMes. This includes sturlies by Andreev and Kukharskayal5, Dewhurst and St. Pierre52, 53 Zack, Warrick, and Knoll41 and Golesworthy and Shaw16.
Andreev and Kurharskaya15 studied the effect of a silent electrical discharge on hexamethyldisiloxane. The siloxane was entrained in a stream of hydrogen and passed through the discharge space. The authors believed that their products could be explained by random, radical recombinations following the three types of homolysis detailed below. The products were isolated by fractional distillation, and not by the now available moresensitive techniques, such as gas-liquid chromatography, and thus it is doubtful whether they were able to isolate the majority of the components from their reaction mixtures. Our own experience in this field suggests that the methods of fractional distillation are not particularly suitable to obtain pure products (from the reaction mixtures which we have obtained, albeit under somewhat different reaction conditions), as frequently very narrow cuts, obtained from fractional distillations, showed numerous components when subjected to gas-liquid chromatography. Exposure for prolonged periods to relatively high temperatures, such as may occur in fractional distillation, may result in equilibrations of the siloxane linkages 44 , and some products thus isolated need not arise directly from the action of the discharge. The compounds reported by Andreev and Kukharskaya 15 , Dewhurst and St. Pierre52, and ourselvesl6 are listed in Table 1 .
Whilst there exist discrepancies between these three studies, the overall pattern shows that the bond types )si-Si(, )si-0-Si(,) Si-CH.--CH.--si(, and )si-CH.--si(, are all being formed. If the knowledge gained from this model compound is transferable to the polymer systems, b ldentified by gas-liquid Chromatographie retention times (using authentic compounds for calibration), infrared spectroscopy, and mass spectrometry. " Isolated by means of gas-liquid chromatography, and identified by means of eiemental analysis, infrared spectroscopy, and mass spectrometry.
and one may weil have some reservations about this, this would indicate that in addition to cross-linking reactions, chain-branching and scission reactions also play some part. Further studies by St. Pierre and Dewhurst carried out at low temperatures ( -195°0.)52 or in the presence of large pressures of oxygen53 led them to the conclusions that in addition to free-radical reactions, unspecified molecular-type reactions also occurred. Our own interpretations16 of the probable reaction mechanisms, leading to the products which we have isolated, suggest that free-radicals, ions, excited and super-excited molecules, are all contributing to the totality of chemical change observed.
St. Pierre and Dewhurst53 observed that in the irradiations in the presence of oxygen the absolute yields of those compounds produced also und er vacuum irradiation are not affected, except for the )si--si( and )si-CH 2 -CHz-Si< dimers. We must, therefore, postulate either, that oxygen is a very much less efficient free radical scavenger when organosilicon compounds are involved, than when the systems are purely organic, or that reaction mechanisms other than free-radical are also operative. Whilst a sufficiently high pressure of oxygen can completely, or almost completely, inhibit radiation cross-linking in polyethylene 4 9, itmerelyreduces the G( crosslinking) value in MeaSi(OSiMez)aOSiMea from 2·5 to 1·1. Furthermore, Zack et a[. 41 have shown by electron spin resonance studies carried out at -197°C. that the G values for the free-radicals produced in y-irradiated hexamethyldisiloxane were much lower than the G values for gas evolution from this compound under the same conditions.
It seems therefore likely that in most radiation experiments involving silicon compounds active species such as free-radicals, ions, excited or superexcited molecules, and perhaps even solvated electrons, play a part. Such conclusions would also fit into the current main streams ofthought in general radiation chemistry54.
Finally, I will consider the radiation chemistry of tetra-alkylsilanes which has received much less attention than that of the siloxanes. Only two studies, by Andreev and Kukharskayal4, and by Golesworthy and Shawl6, appear to have been devoted to this. The former authors used experimental conditions similar to their work with hexamethyldisiloxane in their studies on ethyltrimethylsilane and diethyldimethylsilane. Reaction occurred in both systems, but pure products were isolated only from the former ( Table 2 ). Golesworthy and Shaw studied the effect of an electrical discharge on tetramethylsilane, also using experimental conditions similar to those employed in their studies on hexamethyldisiloxane. The results are included in Table 2 . t Isolated by gas-liquid chromatography. The compounds were identified by means of eiemental analysis, infrared spectroscopy, and mass spectrometry.
Again, although differences exist between these two studies, they both show that disilmethane, /"'Si-CH 2 -Si( and disilethane, "~si-CH 2 -"-/ CH 2 -Si( linkages are formed. The latter studyl6 also shows that the forma· tion of silicon-silicon bonds )si-Si( takes place under these conditions. These findings may be contrasted with the absence of silicon-silicon bonds in the products of pyrolysis of tetramethylsilane at 720°C. Fritz and Raabe55 obtained predominantly condensed six-membered ring systems containing alternating silicon and carbon atoms. They also isolated ethyltetramethyldisilmethane, MeaSiCH2SiHMeEt, together with trimethylsilane, MeaSiH, and silane, SiH4. The absence of silicon-silicon bonds in their products is not unexpected in view of the findings by Shiina and Kumada56, that hexamethyldisilane rearranges at 600°C. to pentamethyldisilmethane. Professor Kumada will probably report further research in this field at this Symposium.
600°
MeaSiSiMea-----+ MeaSiCH2SiMe2H
The differences in the nature of the products obtained from tetramethylsilane by pyrolysis, or by an electrical discharge are striking, and we have heard a most interesting lecture by Professor Fritz on the former subject.
The conclusions which we have drawn regarding the mechanisms involved in the action of an electrical discharge on tetramethylsilane, are similar to those on hexamethyldisiloxane. Active species probably include free-radicals, ions, excited, and super-excited molecules. There is also some evidence for carbene insertion reactions. Some striking differences, between the products arising from hexamethyldisiloxane and those from tetramethylsilane, include the following. The mixtures obtained from the latter starting material are very much simpler than from the form er; nevertheless, gas-liquid chromatograph is essential to obtain really pure products. The beginnings oftwo homologaus series can be recognized in the products from tetramethylsilane. No compounds containing silicon-hydrogen bonds were found amongst those isolated in the pure state from hexamethyldisiloxane, although a small amount of absorption due to such bonds was detected by means of infrared spectroscopy in the reaction crude. By contrast, several compounds containing this type of link can be obtained from tetramethylsilane. A likely reason for the near absence of silicon hydrides in the former systemisthat any formed are rapidly consumed by siloxy species, )si-0·, or disilyl peroxides, )si-0--0-si(. 5ilicon-hydrogen bonds have, however, been reported in studies involving oligomeric57 and polymeric 4 7 methylsiloxanes, and the reason for their survival in these systems may weil rest in the lower mobility of the reactive species involved.
Summing up this talk I feel that one can reasonably say that whilst the radiation chemistry of silicon compounds has been receiving some attention, the difficulties involved in the interpretation of the results, and the eventual application of these to industrial processes, present problems of considerable magnitude. So far, we have really only scratched the surface of these problems, and considerably more work, both qualitative and quantitative, will be required in this important field.
Finally, it remains only forme to thank the Organizing Committee oftbis Symposium for inviting me to present this lecture, and to pay tribute to my coworkers, Mrs Rosalind Ogawa, andin particular to Dr R. C. Golesworthy, for their skill and enthusiasm in helping to overcome innumerable difficulties, both large and small, and thus enabling us to make a small contribution to the radiation chemistry of silicon compounds.
